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Still no technological fix for oil spills. 
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Buckyball the third form of pure 
carbon, cages an atom in its lattice. 
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Fullerenes 


These cagelike molecules constitute the third form of pure 
carbon (the other two are diamond and graphite). C60> the 
archetype, is the roundest molecule that can possibly exist 

by Robert F, Curl and Richard E. Smalley 


In May of 1990 Wolfgang Krttsch- 
mer end his student KonstanUnos 
Fostlropoulo* carefully mixed a few 
drops of benzene with a specially pre- 
pared carbon aoor. The dear solvent 
turned red. 

Excitedly, the two workers for the 
Max Planck Institute for Nuclear Phy- 
sics In Hddelberg telephoned their col* 
laboratory Donald Huffman and Low- 
ell Lamb of the University of Arizona 
in Tucson, who quickly repeated the 
experiment. The excitement continued 
as the two groups carnminieated dally 
by t elephant and fax ncrhflnglng mea- 
surements of the material— its Infrared 
and ultraviolet spectta, its X-ray diffrac- 
tion pattern and Its maw spectrograph. 
Yes, the values all marched those pre- 
dicted for the 60-atnm carbon duster 
budonmsterfullerene. 

Even though some theorists had ar- 
gued that this bellow, soccerbaB-shaped 
molecule should be detectable In abun- 
dance In such everyday circumstances 
as a candle flame, the German-Ameri- 
can team had actually found it, succeed- 
ing where all others had failed. They 
were the Aral to observe this roundest 
of all round molecules, and tbey knew 
that chemistry books and encyclopedias 
would never be quite the same. Now 
there were three known forms of pure 
carbon: the network solids, ^otoH 
and graphite, and a new class of dis- 
crete molecules— the fullerenea, 

When we heard of mis breakthrough 
a few months later m Texas, we cele- 
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bitted, with champagne all around. For 
although we had to some extent been 
scooped, we had been vindicated aa 
well Five years earner we had had our 
own Enrekat experience. Together with 
our colleague Harold W. Kroto of the 
University of Sussex and our students 
James R. Heath and Sean C O'Brien, we 
had found that C« could be made in a 
uniquely stable form simply by laser* 
vaporizing graphite in a pulsed Jet of 
hffarm. We had gone on to propose 
that this extraordinary stability could 
be explained by a molecular structure 
having the perfect symmetry of a soc- 
cerbalL Because the architectural prtn- 
dpli also underlies the geodesic dome 
Invented by the American engineer 
and philosopher R . Buckmlnster Fuller, 
we named It buckinlnsterf^merene, or 
buckyball for short 

In addition to C«, another molecule, 
C„, appeared to be quite special in 
these early experiments. We soon found 
that the stability of C„ could be under- 
stood if the molecule had also taken 
the form of a geodesic dome. As Fuller 
had pointed out, all such domes can be 
considered networks of pentagons 
hengonsL The 18th<enrury Swiss math- 
ematician Uonhard £uier calculated 
that any such object inuet rttve precise- 
ly 12 pentagons tn order to dose Into 
a spheroid, although the number of 
hexagons can vary widely. The soccer* 
ball structure of C M has 20 hexagon*, 
whereas the structure we proposed for 
C w has 2S, producing a shape reminis- 
cent of a rugby balL 

In fact we had found that all the 
even-numbered carbon dusters greater 
than about 32 atoms tn size were re- 
markably stable (although less so than 
60 or 70), and the evidence soon led us 
to postulate that all these molecubs had 
taken the structure of geodesic domes. 
Again, in honor of Fuller, it seemed 
fitting to term this entirely new das* of 
molecules the •fullerenea." 

We later learned that such molecules 
had already been imagined David E. 
H. Jones, writing under the pseudonym 


•Daedalus' in the NcwSdmtst in 1966, 
had conceived of a "hollow molecule" 
made of curied-up graphitic abet ts, Oth- 
ers had predicted the stability of 
from calculations and tried— unsuc- 
cessfully- to synthesize it We, howev- 
er, were apparently the first to discover 
that the material could form sponta* 
neously in a condensing carbon vapor. 

Although our evidence was sound 
and our conclusions were supported 
by extensive further experiments and 
theoretical calculation*, we could not 
coDect more than a few tens of thou- 
sands of thus special new molecules. 
This amount was plenty to detect and 
probe with the sophisticated technique* 
available tn our laboratory, but there 
was not enough to see, touch or smell. 
Our evidence was indirect, much aa it 
Is for physicists who study antimatter. 
For now, the fuflerenes existed only as 
fleeting signals detected to our exotic 
rrmrhlnfi, But is chemists, we knew 
that the new material ought to be per- 
fectly stable. Unlike annmarrer, the geo- 
desic forms of carbon should be quite 
safe to hold in one's bare hand. All we 
had to do was make more of them— 
billions and buHons mora. 

Thus, for five yean, we had been 
searching for a method of pro- 
ducing visible amounts of the 
stuff. We called our efforts "the search 
for the yellow vial" because quan- 
tum calculations for such a soccerball- 
ahaped carbon molecule suggested It 
would absorb light strongly only in the 
far violet part of the spectrum. We 
were not alone, Our initial "soccerball" 


HYPERFUI1ERENE STRUCTURE called 
a Russian egg is expected to farm along 
with ordinary fuUeranes m a laaervsr 
poeited carbon pome, Shown here Is 
the most symmetric form: a at the 
core Is encapsulated by fullerenes hav» 
log 240, $40 and 960 atoms. This pro- 
cess could continue Indefinitely to pro- 
duce a macroscopic particle whose 
tagons are m jcosahedreJ augaaneaL 
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proposal, published in Mifunrin 1985, 
had made the quest one of the hottest 
In chemistry. 

In our laboratory we collected the 
sooty carbon produced by the vapor- 
ization User while using various chernl- 
cal techniques to detect tbe presence 
of Cgp. Wt sJurritd the soot In benzene, 
for example, and looked for i yellow 
color. But the solution in our test tubes 
stayed dear, with boring blick soot sit- 
ting on the bottom. The community of 
duster chemiits ran many more so* 
phliticated. experiments but achieved 
no better result 

M*av gave up hope of ever seeing 
the yellow via! They reasoned that al- 
though the fuUerenes may be stable, it 
too hard to separate them from the 
other sooty material being produced 
tn the vaporization experiments. Per- 


haps, the workers said, some dedicated 
chemist might one day extract a few 
micrograms with some special solvent 
but no one seriously expected to be 
available In bulk anytime soon. 

In the end, the breakthrough was 
made not by chemists but by physi- 
cists working in a totally different 
area. Huffman, Kritschmer and their 
students had been engaged for decades 
in a study of interstellar dust, which 
they assumed to consist mainly of par- 
ticles of carbon (the most common par- 
ade-forming element). They therefore 
modeled the phenomenon tn the labo- 
ratory by vaporizing carbon and con- 
densing tr tn as many ways as possible- 
Optical tests figured Ln most of the 
studies. (Virtually ell that Is known of 
the interstellar dust stems from obser- 


In 1983 the physicists tried evapo- 
rating a graphite rod by resistive heat- 
ing in an atmosphere of helium, They 
noticed that when the helium pres- 
sure was Just right (about a seventh 
of an atmosphere* the dust strong- 
ly absorbed wavelengths ln the farul- 
traviolet region, creating a rjeculiar, 
double-humped spectrum [set bottom 
Illustration on pa$4 58). Most observe 
ers would have missed the two blips 
on the screen, bur not Huffman and 
Kritschmer: they had studied spectra 
of carbon dust for years without en- 
countering such an effect They dubbed 
it their "camel" sample and wondered 
what it meant 

Nearly three years later, in the late 
Call of 1985, Huffinan read in Mature of 



Scientific American October 1991 35 


\ 


u itd/«*^ Ml "-^J"^ PAGE 5 (PRINTED PAGE S) ) 

OCT 02 '91 17:46 IT E SnfiLLEY 713-2855320 

P. 5/11 



our discovery of C m and began ro won- 
der if a hollow soccerball molecule 
might be the cause of the double hump. 
Yet this explanation seemed too good 
lo be true, for It required that C M ac- 
count for a significant portion of the 
sample. Why would so much of the car- 
bon end up in such perfectly symmet- 
ric cages? What did the helium do to 
nuke it possible? The seeming unlikeli- 
ness of this hypothesis, together with 
some difficulty in reproducing the ex* 
periment, led the researchers lo put the 
project on the back burner. 


By 1989, however, Huffman and 
KritKhmer had become convinced that 
the C w hypothesis ought to be reex- 
amined. They renewed their Interest In 
the camel sample, readily reproducing 
the results of the 1983 experiment!. 
This time their attention turned to 
.measuring the sample's absorption of 
Infrared light— the wavelengths that In- 
teract with the vibrational motion of 
molecules— in order to test the results 
against theoretical predictions that had 
by now been made for soccerball 
These predictions held that of the 174 


vibrational modes of this putative mol- 
ecule, only 46 would be distinct, and 
only four would appear In the infrared 
range, To their surprise, they found the 
camel sample did display four sharp 
infrared absorption lines, and they v*r* 
Ifled that the lines were present only 
In carbon dust produced in the special 
camel way. Thii finding provided strik- 
ing evidence that C w might be present 
in abundance. 

Influenced by their background in 
physics, the workers initially chose to 
test their hypothesis by a rather u> 
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valvcd route. They prepared a sample 
from pure ' 'C, a hea\y Isotope of car- 
bon, and verified that the extra mass 
shifted the four infrared bands In the 
way expected for so large a molecule 
composed exclusively of carbon. Ulti- 
mately, however, they realized that the 
simplest assay followed a basic dlcrum 
of organic chemistry: like dissolves like. 
Should their sample dissolve In an aro- 
matic solvent, such as benzene, thi* 
would support the predicted arornaticl- 
ry of C (to . Because benzene molecules 
take the shape of a ring of carbon at- 


oms. C u , would thus be seen as a kind 
or spherical benzene. 

When the Kratschmur-HurTman jtroup 
finally added benzene to their came) 
sample and saw the color red develop, 
<hey realized they were looking at the 
first concentrated solution of fuUercnca 
ever seen. They evaporated the aolvrnt 
and found that tiny crystals remained, 
■which readily redlssoived These crys- 
tal.* could be sublimed under a vaui* 
urn near -100 degrees Celsius and con- 
densed on a cold microscope slide to 
form *mooih filmj of jiolid materials, 


which Krft.schmer and Huffman chris* 
lened "fullerlte." 

In thin layers these films were yel- 
low (a fact that those or us at Rice Uni- 
wrsiry who searched for a 'yellow vial* 
find highly gratifying). Although it took 
a while to obialn precise numbers, It 
ix now known that carbon dust pre- 
pared in the camel w-ay produces an 
extractable fullercne mixture made up 
or rou£Wy 73 percent (the soccer- 
ball). 23 percent C n> (the rugby ball) 
and a grab bag of larger fUllerenes. 

Here was a new form of pure, solid 
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carbon. It It the only pure, finite form. 
The other two, diamond and graphite, 
tre actually infinite network solids. In 
the real world, one usually deals with 
hurixj c^ diamond cut out of larger bulk 
crystals. Under normal conditions, the 
surfaces of such a piece are Instantly 
covered with hydrogen, which ties up 
the dangling surface bonds. Graphite is 
much the same. No piece of diamond, 
therefore, can ever be truly pure under 
norma! conditions. The fullerenes, on 
the other hand, need no other atoms to 
satisfy their chemical bonding require- 
ments on the surface, In this sense, the 
fullerenes art the first and only stable 
forma of pure, finite carbon, 

Once the mtschmex-Huffman re- 
sults were announced at a conference 
in Konstanz. Germany, In early Septem- 
ber 1 990, the race was oa The study of 
C w end the fullerenes had been the 
province of the few select groups that 
had something like our elaborate and 
expensive laser-vaporization duster- 
beam apparatus. Now Krttschraer and 
Huffman had opened the field to any- 
one who could procure a thin rod of 
carbon, a cheap power supply, a bell- 
Jar vacuum chamber and a few valves 
and gauges. Everybody could play, 

Within a few months, many 
groups were making their own 
fullerenes. Physicists, chem- 
ists and materials scientists thus began 
an mterdisdpunary feeding frenzy that 
continues to intensify as this article is 
being written [su box on page 621 The 
key results have been quickly repro- 
duced In over a dozen laboratories, 
some of which have applied alterna- 
tive procedures of verification as welL 
Because fullerenes are readily soluble 
and vaporUable molecules that remain 
stable in air, they are perfectly suited 
to a wide range of techniques. 

One of the most powerful tech- 
niques—nuclear magnetic resonance 
(NMR>— has confirmed the single most 
critical aspect of the soccerball struc- 
ture: that all 60 carbon atoms have ex- 
actly the same relation to the whole. 
Only the truncated lco9ahedral struc- 
ture we proposed for C w arranges the 
atoms so symmetrically as to distribute 
the strain of closure equally. Such even 
distribution makes for great strength 
and stability. Indeed, that la why we pro- 
posed the structure In the first place: it 
explains the extraordinary stability of 
the 60-atom species. 

Because is the most symmetric 
molecule possible in three-dimension- 
al Euclidean space, it is literally the 
roundest of round molecules. Edgeless, 
charge] e« and unbound, the molecule 
spins freely, as NMR experiments show, 
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more lhan 100 million times a second. 
The NMR experiments also dramatical- 
ly verify that has the chape of a 
Uny rugby ball: at room temperature. It 
spins rapidly about Its long axis, stop- 
ping its frantic motion only below the 
temperature of liquid air. 

High-resolution electron microscopy 
revealed these little carbon balls one at 
a time— as predicted, they spanned a bit 
more lhan one nanometer (a billionth of 
a meter). Scanning tunneling microsco- 
py showed that when C w molecules are 
deposited on a crystalline surface, they 
pack as regularly as billiard balls. X-ray 
diffraction studies demonstrated that- 
as one would expect-C w crys talllzes In 
a face-centered cubic lattice, with the 
balls a little more than 10 angstroms 
apart \see tlHustratlon on page 62). The 
crystals are as soft as graphite. When 
squeezed to less than 70 percent of 
their Initial volume, calculations predict 
that they will become even harder than 
diamond. When the pressure is relieved, 
they are observed to spring back to their 
normal volume. Thrown against steel 
surfaces at speeds somewhat greater 
than 1 7,000 miles per hour {about the 
orbital speed of the US- space shut- 
tle), they are Incredibly resilient: they 
Just bounce back. 

We found that the most convenient 
^ay to generate fullerenes consists of 
setting up an arc between two graph* 
ite electrodes. We maintained a con- 
stant gap by screwing the electrodes 
toward each other as fast a* their tips 
evaporated. The process worked best 
when the helium pressure was opti- 
mized and other gases, such as hydro- 
gen and water vapor, were rigorously 
eliminated. Such measures produced 
yields of dissolvable fullerenes that 
typically ranged berween 10 and 20 
percent of the vaporized carbon. Yields 
as high as 45 percent have recently 
been reported. 

The only Irreducible cost appears to 
be that of the electricity needed to run 
the arc. But even the small bench-top 
generators we are now using In our Jab- 
oratory provide electricity at a cost that 
amounts to only about five cents per 
gram of C ri0 . Recently it has been found 
that a sooting flame (such as that 
of a candle) can be used to produce 
substantial yields of In the long 
run, this may prove the cheapest way 
to make the material. When the first 
large-scale applications of fullerenes arc 
found— perhaps in superconductors, 
batteries or microelectronics [see box 
on page 52)— the manufacturing cost . 
of C (4J will probably fall close to that 
of aluminum: a few dollars a pound. 
What had recently been described as 
trw "most controversial molecule In the 


Cusmoa' lo *<cll on tu way to becoming 
a bulk commodity. 


Growth of a Buckyball 


host of questions arises out of 
this %«jnder. What exactly io the 
X A helium doing? How can such 
a perfectly symmetric molecule be 
formed with such high efficiency out 
c*" the chaos of q carbon arc? And, on 
a more personal level, where did we go 
wrong? Why did we, and all other cbenv 
ists for that matter, fall in the search for 
the yellow vial? Our technique Involved 
helium as welL What did the Kratsch- 
merHuffman team do that made such 
0 big difference? 

We now believe the answers to these 
questions lie In the way carbon vapor 
condenses at high temperatures, linear 
carbon chains appear to link together 
to form graphitic sheets, and the sheets 
anneal as they grow in the hot vapor. 
Finally, stable, cagelike structures are 
favored by a key concept, which we call 
the pentagon rule. 

Scientists had long known that when 
carbon is vaporized, most of its atoms 
Initially coaJecce into dusters ranging 
from two to IS atoms or bo. The very 
smallest carbon molecules ore known 
to prefer essentially one-dimensional 
geometries. But clusters containing at 
least 10 aroma most commonly form a 
monocyclic ring— a kind of molecular 
Hula-Hoop that Is especially favored at 
low tempera rures. At very high temper- 
arures, the rings break open to form 
units that comprise as many as 2S car- 
bon atoms, taking the form of linear 
chains. Such chains might be Imagined 
to look something like writhing snakes 
as they vibrate In the hot vapor. 

It was these linear carbon chains that 
initially got us Involved in carbon clus- 
ter studies and led to the discovery of 
Our British colleague, Harry Kroto, 
had theorized that the great abundance 
of such linear carbon chains in Inter* 
stellar space may arise from chemical 
reactions In the outer atmospheres of 
carbon-rich red giant stars. In the early 
1980s one of us (Smalley) had devel- 
oped a supersonic duster-beam device 
for the seneral study of small dusters 
composed of essentially any element in 
the periodic table (see "Microdusters, 0 
by Michad A. Duncan and Dennis H. 
Kouvray; Scientific American, Decem- 
ber 19891. 

We produced clusters by focusing an 
Intense pulsed laser on a solid duuc of 
the element to be studied The local 
temperature could readily be brought 
above 10.000 degrees C —hotter than 
the surface of most stars and certainly 
hot enough to vaporize any known ma- 
terial. The resulting vapor was entrained 
in 0 powerful gust of helium, a chemi- 




ScuNTtnc American Ociob$rl991 59 


OCT 02 '91 17:51 OR R £ ETf^^y 713-2855320 


caQy inert carrier gas, which cooied the 
vapor to thit ir could condense into 
imall dusters. Aa the canter gas ex- 
panded through a nozzle Into a vacu- 
um, it generated a supersonic beam of 
chatter* whose sizes could b« mea- 
sured by a mass spectrometer. 

In 1984 a group at Boon using a copy 
of the duster-beam apparatus devil- 
oped at Rice had been the first to study 
carbon dusters In this fashion. Their re- 
sults strongly suggested that the linear 
carbon chains Kioto wanted to study 
were In fact being produced in abun- 
dance. In addition, they reported a bl- 
z 1 f rr * P*ttera among the larger dusters: 
the distribution was strikingly lacking 
in the species having an odd number 
of atoms. 

The Exxon researchers recorded but 
aid not notice that two particular even- 
numbered members, C w and C^, were 
somewhat more abundant than their 
neighbors {see bottom illustration on 
P099 S81 The mysterious even-num- 
bered distribution of clusters was sepa- 
rated from the small linear-chain distri- 
bution by what appeared to be some- 
thing of a forbidden zone— a region of 
clusters between roughly 2 S and 3 S at- 
oms In size in which few If any dusters 
could be detected. 

- r I ibe even-numbered distribution 
I was soon discovered to result 
-l_ from the fullereneo. In one of our 
many studies of Kroro's linear carbon 
chains, we reproduced the Exxon re- 
sults but found »oraething quite sulk- 
ing about the distribution of large, 
even-numbered dusrers. Heath. Kroto 
and O'Brien noticed that the 60th clus- 
ter seemed five times more abundant 
than any other even-numbered dus- 
ter in the range between 50 and 70 at- 
oms. This differential was dramatically 
greater than anything that had been 
seen before. 

After much discussion, Heath and 
O'Brien spent the next weekend play- 
ing with the conditions in the laser-va- 
porlzadon machine's supersonic noz- 
xle. By Monday morning they had man- 
aged to find conditions in which C M 
stood out in the cluster distribution 
like a flagpole. By the next morning we 
had had our Eureka! experience, and 
we were playing with every sort of soo 
cerball we could get our hands on, 

We found that we could explain the 
dominance of the even-numbered clus- 
ters by assuming they had all taken the 
structure of hollow, geodesic domes. 
They were all fullerenes. We could also 
argue that some fullerenes were more 
abundant than others because of the 
smoothness of the dusters* surface and 
the natural grouping of pentagons. 


Pentagons provided an Important 
due. Although hundreds of examples 
are known in chemistry of five-mem- 
bered rings attached to six-numbered 
rings In ruble aromatic amqxxindi (for 
example, the nucleic adds adenine and 
guanine), only a few occur whose two 
five-membered rings share an edge 
Interestingly, the smallest fuUerene In 
which pentagons need not share an 
edge is C„; the next Is Although 
C n and all larger fullerenes can easily 
adopt structures In which the five- 
membered ringi are well separated, 
one finds that these pentagons In the 
larger fullerenes occupy • trained posi- 
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tions. This vulnerability makes the car* 
bon atoms at such sites particularly 
susceptible to chemical attack. 

The big question, however, was not 
why fullerenes were stable but rather 
how they formed so readily In laser-vf 
portzed graphite, Near the end of 1985, 
we suggested that the process began 
with linear chains. As the carbon vapor 
began to condense, the chains 
would grow long enough to flip back 
on themselves to form large monocy* 
die Hula-Hoops. As the growth contin- 
ued, the chains would also fold into 
more effectively connected polycydic 
network structures. Because graphite, 
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COLp* OF C„ depends on its form. This yellow film was sublimed onto a glass 
window that had been bolted to a vacuum oven. The benzene solution is magenta. 
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the moat stable known form of carbon 
baa its atoms bound In infinite hexago- 
nal sheets, we suopected that the poly- 
cyclic network chmtero trembled piec- 

fl?^^*** We «*P«t«d it to 
look like a fragment of chicken wire. 
Uke q cutout section of chicken wire. 


these graphitic aheetfl would havs many 
dangling bonda, making them chemj- 
cally reactive— much more co than the 
amaUer linear chaina, which have only 
two such bonds, ana on each end. The 
sheets, therefore, would not be expect* 
ed to be abundant In the duster beams. 


Almost aa ooon aa they form, they react 
with othar small carbon moleeulea and 
srow too largo to be seen. Tnia, we b& 
bevo, ©cplainfl why there la o forbidden 
xone between the amaD ttnearchain dlo- 
tribution and the nrot amall ftiUerenea. 
Chemiats arc conditioned to >h*"*t $g 
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CZZtV^ZV 1 Xoch ™ l *^tV 'meriting prop- 
SSif bu '^ C " afc m various com- 

tor a £Z^y mi k funa,0^, " an ,nsu( *^ a condw. 
tor^ ^semiconductor and a superconductor. 

S !«7il . Pln ^ Pon 9 bails In a face-centered cubic latUco 

flTm.Vm , ?i* al ,s , a dlrect ba/1 ^03P semiconductor like 
n a crystalline structure. But unlike the elements of oalK- 

X d!S55 2L b if ytani 5p,n frefity and « ^ 

ohou? SlV0S lh€m a certa,n rc »mblanc^ to amor- 
phous slllcorv-a constituent of Inexpensive solar cells 
peculiar disorder wtthin order of bulk t 0 has yet to bi fu? 
^ exp ored but It is expected to produce a who" new 
kind of semiconductor. ' 
Early m 1991 researchers at AT&T Bell Laboratories dli 


d °2? tham u, «« lv s'y »«» mokfl /i-typa and 

" "tT uT'- wh,eh donate el4 «™« andholM, 
respective* Such doping may Involve putting a dopon 

V that hydrogen and lithium a/a intertable as wen. 

The verjatlllty of bulk C M teems to grew week by week. 
, ^'f. pr " 1, f0f "xnp'e. 'here It a report suegest- 
Infl tha fullererKi complexes axhlblt ferromagnetic qual- 

no„ ai^o*}.?'!** ? f meu! ». a " unparalleled phonoma- 
nen. Alto, BrttJth workers from tha unN-e/ildes of Lolcastee 
Southampton and Suite* have juit reported tho genera- 

hf n. rT? t? P ' C ""j" 1 " 11 " of fa"y fluorlnated bucky. 

-- laaoramnn. ,u (t L«V- Th0 "Ju'Ung -tenon balls" may be amono 

covered that they could mix. or dope c' witl i » lw ,ub "" nu - We do not know what tho fffi 

to produce a new metallic phM^Sff ,aH oZa Ah 98 ° nl ?. 9 „K? iU ^ al,ow - bw " bo I™ 
reaches Its maximum electrical conductMtVwhen there " ^ u,bm " « not wonderful, 
are three potassium atoms to each buckvball. If too much 
potassium is added, however, the material becomes Into- 
Sub, «" uent wort hat shown that K,C M Is a stable 

tZ «r h e T^^ nJ l I i ,n9 0f a fwe centered'cublc struc- 
ture of buckyballs, with potassium Ions filling the cavities 

ly three-dimensional molecular metal 
The Bell Labs team further discovered that thl> K,C met- 
'tST" 8 "J*™*""* when cooled below is kel- 
XSf; j .V?L en rubld,um / ,J Ju6$U«uted for the potassium, the 
\ « I m 1 pera,urt f ° r Juperconductivlty was found to be 
J • (Re " n,lv « AJIIedSlonal, Inc.. de- 

tected superconductivity at 43 kelvlns for rutddlum-thalU- 

ohTif u Vl^^J" has ,hown th « Jupertonductlna 
?m^£^ le a ^ ?«*^ annealed-imperfeaioAs can bf 
smoothed away by heating and cooling.. 

The material can therefore be manufactured as a three- 
or£,£'i°< ,uper ""7 u «or. making it a candidate for 
n«iJ Su P ere ^uctlng wires. Early ettlmates of mao- 

cond u « d ,^ Sr ,. £ i araC , ,erlJ,,cs imcM *« *UB super- 

th^tf^ 0 ^ 01 ""^""V of Mlnnetota has shown 
that highV ordered C 0 . films can readily be grown on crvT 
Ulllne substrates. iucK as gallium arsenldefTWt attribu?e 

«£n t\^L IM T ?> Krtii fe'mlcrwIeS'S 
S^if?.^ ; e 9 uUr , fi ""* " K.C M superconductor 
f a « h!L be made J" a "toWP* at righti. and tha Intor- 
nA?h»^T n "S* C l» "W*" 1 " Mm and the K.C,, nwortd 
has been found to be stable. It may thus lent/i "alf to So 
production of intricately layered irtooeieoron c t*? 

In order for the semiconducting propertlei of fuDc^M 
mater.al* to be thoroughly exploited, sclen l«, nee? To 



oredopod with potaadua ta th« rot lo of K,C Q ST 
produdns a cryatal that cna bo urovn on 
hide fiubstms uawfly ftiwn^j microffpalft) 
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